Trackways can provide unique insight to animals locomotion through quantitative analysis of variation in track morphology. Long trackways additionally permit the study of trackmaker foot anatomy, providing more insight on limb kinematics. In this paper we have restudied the extensive tracksite at Barranco de La Canal-1 (Lower Cretaceous, La Rioja, NW Spain) focussing on a 25-m-long dinosaur (ornithopod) trackway that was noted by an earlier study (Casanovas et al., 1995; P erez-Lorente, 2003) to display an irregular pace pattern. This asymmetric gait has been quantified and photogrammetric models undertaken for each track, thus revealing distinct differences between the right and the left tracks, particularly in the relative position of the lateral digits IIeIV with respect to the central digit III. Given that the substrate at this site is homogenous, the consistent repetition of the collected morphological data suggests that differences recorded between the right and the left tracks can be linked to the foot anatomy, but more interestingly, to an injury or pathology on left digit II. We suggest that the abnormal condition registered in digit II impression of the left pes can be linked to the statistically significant limping behaviour of the trackmaker. Furthermore, the abnormal condition registered did not affect the dinosaur's speed.
Introduction
The recognition of gait abnormalities in dinosaur trackways has been reported in both isolated tracks (Ishigaki, 1986 (Ishigaki, , 1989 Mateus & Mil an, 2010) and trackways (Abel, 1935; Avanzini, Piñuela, & García Ramos, 2008; Dantas, Santos, Lockley, & Meyer, 1994; Lockley, Hunt, Moratalla, & Matsukawa, 1994; McCrea et al., 2014a,b; . Previously published examples usually show the lack of a digit or a different value of homologous interdigital divarication angles (Avanzini et al., 2008) . Palaeopathologies are more easily recognised in the osteological record (Ann e et al., 2014; Rothschild & Tanke, 1992 , 2005 Rega, Holmes, & Tirabasso, 2010; Tanke & Rothschild, 1997; 2002) ; ichnopalaeopathologies are much harder to identify because of the difficulty associated with discerning if anomalous features were due to physical abnormalities (i.e. injury, fractures, infections, deformations, swellings) were a function of unusual behaviour or merely a reflection of sediment rheology (Manning, 2004) . Evidence for abnormal gaits come from trackways that display an alternating pes pace length pattern (Dantas et al., 1994; Lockley et al., 1994) , although, many of these examples in literature may simply be unequal gaits of healthy animals (McCrea et al., 2015 and references therein) . To date, several dinosaur trackway examples appear to correlate with a likely trackmaker limp to an actual cause, i.e., foot injury reflected in the narrow digit divarication (Abel, 1935; Avanzini et al., 2008; Ishigaki, 1986; Jenny & Jossen, 1982; Lockley et al., 1994 p. 194) .
In this study we reanalysed an ornithopod trackway (Casanovas et al., 1995; P erez-Lorente, 2003) recently assigned to Caririchnium lotus (Díaz-Martínez, Pereda-Suberbiola, P erez- Lorente, & Canudo, 2015) from the Lower Cretaceous Valdeosera-Traguajantes Unit in the Enciso Group, NW Cameros Basin, Spain. Occurring with multiple other tracks on a horizon named Barranco de La Canal (BLC) by Casanovas et al. (1995) and P erez-Lorente (2003) , this trackway (BLC1) has been previously shown to include irregular pes pace length patterns. Casanovas et al., (1995) and P erez-Lorente (2003) noted a shortening from left to right pes pace, but did not expand with any explanation of their observation. The aim of this study is to quantify the observations made by these earlier studies and interpret the possible cause for the recorded anomaly in the alternating pace lengths in the view of potential abnormalities to trackmaker limb kinematics. Furthermore, since these tracks have only previously been documented and described as 2-D track outlines, we provide the first 3-D evaluation of the Barranco de La Canal-1 tracks, permitting a comprehensive description of track morphologies through photogrammetric models that allow us to collect more accurate morphological information and provide evidence for the possible cause of the irregular pace lengths.
Geological setting
The Barranco de La Canal (BLC) tracksite is situated in northerncentral Spain, in the Province of La Rioja, close to the village of Munilla (Fig.1) . The Cameros Basin consists of a high-subsidence basin of the Iberian Rift System displaying several tectonic phases during the Mesozoic and Cenozoic (M as et al., 2002; 2011) . During the Late Jurassic and Early Cretaceous, the basin consisted of a fluviolacustrine system in which siliciclastic and carbonate sediments were deposited Doublet, 2004) . The tracks are preserved on a silty sandstone slab of the Valdeosera-Traguajantes Unit, in the upper part of Enciso Group, in which sandstones, siltstones, marls and limestone are dominant (Hern andez-Samaniego et al., 1990) . The Enciso Group is more than 2000 m thick with its lower part mainly formed by fluvial deposits (Clemente, 2010) . The middle and upper parts present a great variety of littoral and lacustrine deposits, evaporites and banks of limestones with diverse thickness, alternating with marls with desiccation cracks, finegrained siltstones and siltstones with ripples and hummocky cross-stratification. The palaeoenvironment of the Enciso Group has been reconstructed as a siliciclastic to carbonate mixed lacustrine system with occasional marine incursions (Doublet, García, Guiraud, & Menard, 2003) . Doublet (2004) , based on the charophyte record (Atopochara trivolvis var. triquetra; Kneuper-Haack, 1966; Schudack, 1987, and Clavator grovesii var. lusitanicus; Grambast-Fessard, 1980; Martín-Closas, 1991) , suggested that the Enciso Group is early Barremian to middle Albian in age (Fig.1) .
Material and methods
The site has a total surface area of 250 m 2 and preserves 64 tracks divided into 7 trackways and 9 isolated tracks (Casanovas et al., 1995) . The present study concentrates on trackway BLC1 (following Casanovas et al., 1995 and P erez-Lorente, 2003 nomenclature) , which is composed of 31 consecutive tracks made by what has been interpreted as a large ornithopod. The 3-D digital outcrop model (DOM) of the tracksite was first generated using a RIEGL LMS1 Z420i long range LiDAR capable of 5e10 mm resolution (Bates, Manning, Vila, & Hodgetts, 2008) and post-processed in Geomagic® software (Fig.2) . The digital outcrop overview was complemented with close-range photogrammetric models obtained from the best-preserved tracks (right: BLC1.6, BLC1.8, BLC1.28, BLC1.30; left: BLC1.7, BLC1.9, BLC1.11, BLC1.29). Field photos were taken with Canon Power Shot S5IS camera (focal length 35 mm, resolution 3264 Â 2448). Photogrammetry was undertaken following the general methodology explained in Mallison and Wings (2014) and terminology was used following Lockley, McCrea, and Buckley (2015) . Point clouds were processed in Agisoft Photoscan standard version 1.1.4. build 2021software (http:// www.agisoft.ru/) from a minimum of 10 to a maximum of 30 photos per track. Three-dimensional models were converted to colour maps in the open source CloudCompare software (v.2.6.1, http://www. danielgm.net/cc/). Contour lines (isolines profile) were obtained in free software Paraview 4.4.0 version (http://www.paraview.org/), importing scaled and oriented models with respect to the Z axis from CloudCompare (v.2.6.1) and they were set at a 0.25 cm distance according to maximum and minimum heights of the plane where tracks are. Pace length (PL), stride length (SL) and trackmaker velocity (Alexander, 1976) were estimated from the trackway DOM. The ratio of short/long pes pace length (sensu Lockley et al., 1994 ) was used as a numerical aid to compare the degree of gait irregularity. Track length (TL), track width (TW), interdigital angle (IDA) and a new parameter, interdigital width (IDW) were measured from 3-D models in Paraview 4.4.0. We developed the limping hypothesis on the basis of observation and quantification of an irregular gait in the BLC1 trackway. To test this hypothesis, we carefully examined each track in search of morphological clues. The left tracks were consistently deemed qualitatively different in the disposition of digit II with respect to that of right tracks. In this specific case of the BLC1 trackway, measurement of the interdigital angle between digits II-III impressions in left tracks was problematic due to the unclear orientation of digit II. Therefore, we developed a new parameter (IDW) exclusively for this case of the BLC1 trackway in order to quantify the qualitatively evident morphological difference in left tracks digit II impressions with respect to the contralateral counterpart. Although we acknowledge the confusion that may be generated by adding new parameters in the already established ichnological methodology (i.e., interdigital angles have been used as a diagnostic parameter with a large consensus), this parameter is simple to reproduce and is statistically significant in this restricted example. Unlike the interdigital angle parameter (IDA), the interdigital width (IDW) does not require knowledge of the orientation of the digits because it measures the separation between the medial/lateral edges of digit III and medial/ lateral edges of digits II/IV. The IDW between digits II-III and III-IV impressions is determined by the perpendicular segment to the track middle line, found on the first contour line outside one of the hypexes (Fig.3) . The higher the value of the IDW parameter, the bigger the interdigital distance. We restrict the use of the IDW parameter to this specific case of the BLC1 trackway to quantify the morphological differences that we observed qualitatively. To more broadly apply this parameter, future studies should further test the repeatability and reliability of this parameter in a more explicit methodological study, which is beyond the scope of the present work.
Relative depths of the metatarsodigital pad impression (DH) and digits II (DII), III (DIII), IV (DIV) digits impressions were calculated using Cloudcompare (v.2.6.1http://www.danielgm.net/cc/) in order to generalize the qualitative distribution within the track. Pace, stride lengths, track lengths, track widths, interdigital angles and interdigital widths were measured through ImageJ software (http://imagej.nih.gov/ij/). Statistical differences in the pace lengths and in the averages of the interdigital width parameter between right and left tracks were compared through the two-paired sample statistic analysis, suited to testing the hypothesis that the left pace length was consistently smaller than the right paired pace length and whether this difference might be linked to a cause. The test is used to compare two population means, where there are two samples in which observations in one sample (left pes morphologies) can be paired with observations in the other sample (right pes morphologies). Tracks BLC1.2, BLC1.26 and BLC1.31 were excluded because the corresponding paired tracks BLC1.1, BLC1.25 and BLC1.32 are either absent or preserved as partial prints in the tracksite. The statistical tests also took into account the 11 pairs of tracks (11 for the left and 11 for the right pedes impressions).
Results
The Barranco de La Canal-1 trackway (BLC1) measures 25 m in length and it is the longest trackway at the site. The trackway consists of 31 pes tracks, 25 of which are well preserved and could be measured (Tables 1 and 2 ). Manus tracks are observed in front of three of the pes tracks (BLC1.7, BLC1.11, BLC1.12).
Photogrammetric models undertaken on 25 out of 31 pes tracks of the BLC1 show a general well discernible morphology that fits the typical ornithopod track morphotype, which is mesaxonic, tridactyl with three stout and broad spreading toes ending in blunt hoof-mark toes and generally symmetric (sensu P erez-Lorente, 2001; Thulborn, 1990) . The tracks also display a quadripartite division corresponding to the pes anatomy (single pad print per digit and a subtriangular to rounded metatarsodigital pad impression). The common track shape is hexagonal because of the notches developing from the proximal parts of digits II and IV. The tracks are interpreted as true tracks because of the presence of clear blunt hoof marks in some of the tracks (e.g. track BLC1.16) and of the distinct outline of the entire track. The average track length (TL) and width (TW) range from 41.3 to 41.7 cm and from 38.1 to 40.0 cm respectively, resulting in a TL/TW index of~1. The BLC1 tracks do not present evidence of sediment deformation such as displacement rims or mud collapse within the digits, although there is a low degree of homogenous erosion (probably current). The average pes stride length (SL) is 185 cm (for both sides of the trackway) and the average pes pace length (PL) is 94.5 cm (n ¼ 25). However, the pace is uneven, 98.3 cm for the right-left pes pace length (range of 76.5e107.7 cm) and 90.7 cm for the left-right pes pace length (range 83.6e97.3 cm) (Tables 1 and 2 ). The "two-sample paired test" statistical analysis undertaken resulted in t ¼ 2516; p ¼ 0,030596 with 95% confidence level, therefore the left pace length was consistently smaller than the right paired pace length, showing a 81.8% of pace-shortening occurrence along the trackway (9 out of 11 paired paces) and displaying a 92% of gait irregularity (pace length ratio sensu Lockley et al., 1994) . The BLC1 trackway can be divided into five segments that coincide with major orientation changes and variations in the external trackway widths (Fig. 2) . Velocity estimations were calculated for each of these segments ( .9, BLC1.11 and BLC1.29 respectively, scale bar 8 cm; A1-D1)height map of left tracks BLC1.7, BLC1.9, BLC1.11 and BLC1.29 respectively calculated in CloudCompare, colour scale bar in metres; A2-D2) Isolines of height (Z coordinate) of right tracks BLC1.7, BLC1.9, BLC1.11 and BLC1.29 respectively, generated using the free software Paraview. Each track displays a contour line every centimetre in order to provide a dense and objective outline of the left track morphologies. Left tracks recall the Caririchnium magnificum or C. isp morphology, in which the metatarsodigital pad impression in laterally compressed and bigger in size. Digits II and IV impressions are divergently positioned and unequal in size and digit III is usually faintly impressed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (standard deviation ± 0.09).
Besides the statistically significant of pace length irregularity, morphological differences between right and left pes tracks were clearly observed in the BLC1 trackway. These include: 1) the shape of the metatarsodigital pad impression; 2) the degree of symmetry between impressions of digits II and IV (notch development); 3) the interdigital width (IDW) and interdigital angles (IDA), where measurable, between II-III and III-IV and 4) the depth distribution and values for metatarsodigital pad (DH) and impressions of digits II, III and IV (DII, DIII, DIV, see Tables 1 and 2 for measurements).
The shape of metatarsodigital pad impression in the right pes tracks (n ¼ 13, Fig. 4, Table 1 ) is rounded to subtriangular, easily discernible in all tracks. It divides the track space into two even areas in which the antero-posterior length of the metatarsodigital pad impression equals that of impression of digit III. The notches that develop from the proximal parts of both impressions of digit II and IV toward the metatarsodigital pad impression region are very symmetric and consistent in all the right tracks, giving the impressions of digits II and IV an overall comparable geometry and morphology, being all three digit impressions straight-pointing (Fig. 4 A2-D2 ). Noteworthy features of right tracks are the subparallel orientation of digits II and III impressions (IDA range 0 e35 ; IDW range 2.06e5.06 cm, Table 1 ) and the slight angulation and higher distance range between digits III and IV impressions (IDA range 28 e38 ; IDW range 2.24e7.69, Table 1) . Depth distribution appears qualitatively homogenous within the track. Maximum depths values are recorded in the metatarsodigital pad impression (range 2.2e6.1 cm), while digits II, III and IV impressions displayed the same average and range of depths (range 1.5e5.6 cm) (Fig. 4 A1-D1 , Table 1 ).
The left pes tracks (n ¼ 12, Fig. 5 , Table 2 ) shape of metatarsodigital pad impression is laterally compressed and large, suboval in shape. Visually, it occupies more than half of the track area and it is antero-posteriorly longer thatdigit III impression. The notches developing from the proximal parts of both digits II and IV impressions toward the metatarsodigital pad impression region are not symmetrically organized. The notch that forms from digit II to the metatarsodigital pad impressions is steeper than the one that forms from digit IV impression and it is usually closer to the distal end of the metatarsodigital pad impression. Further important features of left tracks are the asymmetric arrangement and dissimilarity in shape and lengths of digits II and IV impressions, also evidenced by the divergence in the interdigital widths measurement. The interdigital angle between digits II and III impressions is not confidently measured since the arrangement and orientation of digit II impression is not clear also because of a more pronounced inward rotation of digit III impression (IDA range 13 e24 ; IDW rage from 1.35 to 3.04). Interdigital angle range between digits III and IV impressions is similar to the right tracks one (IDA range 28 e42 ), while IDW range is 4.53e11.31 cm (Fig. 5 A3-D3 ). Depth distribution and ranges within the left track are quite similar (DH range 2.3e7.0 cm, DII range 2.0e7.0 cm; DIII range 0.5e4.0 cm; DIV range 1.9e6.1 cm), (Fig. 5 A2-D2 , Table 2 ).
In summary, the BLC1 trackmaker shows a 92% ratio of gait irregularity (sensu Lockley et al., 1994) , corresponding to an 8% difference between the left-right (short) and right-left (long) consecutive steps in 81.8% of the footfalls, resulted in a statistical significance. Left tracks IDA II-III range (13 e24 ) fall into the right tracks range (0 e35 ), although this measurement is doubtful due to the unclear orientation of left digit II impression. Left and right tracks IDA III-IV range is very similar (20 e42 ). More importantly, IDW for II-III and III-IV distances in left and right tracks were tested in the two-paired sample analysis and both resulted statistically significant in 95% of confidence level (two-paired sample test for IDW II-III: t ¼ 4.43; p ¼ 0.0012 and for IDW III-IV: t ¼ 3.36; p ¼ 0.007).
Discussion
The Barranco de La Canal-1 tracks are located in a decametric, fine-grained non-cohesive sandstone that lacks clear sedimentary structures (e.g., ripples, mud cracks, dunes). The tracks break the sandy layer and do not display sedimentary deformation structures, such as displacement rims, mud collapse, interdigital mud rims, which are often substrate-controlled features (Falkingham & Gatesy, 2014; Kuban, 1989; Razzolini et al., 2014; Scrivner & Bottjer, 1986) . If erosion of the sediment is considered, it is simulated that tracks emplaced in a sufficiently deep sediment of homogenous composition and subjected to conditions of light and uniform erosion usually retain their basic dimensions and shapes (Henderson, 2006) . Although it is true that a wide number of external factors that influence track morphology and the trackway quality can be either contemporaneous or post-depositional in origin (Schulp, 2002) , a selective weathering on digit II impression of left tracks is unlikely in such a narrow trackway. The possibility that the BLC1 trackmaker was crossing different substrate consistencies throughout the tracksite, causing morphological changes according to the soil response (Dai et al., 2015; Manning, 2004; Milan & Bromley, 2006; Padian & Olsen, 1984) has also to be taken into consideration. Nevertheless, considering the sinuosity of the trackway, if the sediment was characterized by different consistencies, the track morphologies would uniformly or gradually display the bias caused by the trackmaker's trampling on the substrate (sensu Razzolini et al., 2014) .
The Barranco de La Canal-1 trackway geometry shows that the right-left pace length is8% longer than the left-right pace length. This observation is usually quantified by the ratio of the average between short and long steps: the farther from the 1/1 ratio (equidimensional consecutive steps), the higher the degree of asymmetric movement. The alternating pes pace length noted and mentioned in Casanovas et al. (1995) and Perez-Lorente et al. (2003) is here quantified in a ratio of short/long pace length of 92%, such variation can be explained by an abnormal gait, such as a limping (Dantas et al., 1994; Ishigaki & Lockley, 2010; Lockley et al., 1994; Reineck & Flemming, 1997) . However, left and right pes stride lengths in the BLC1 trackway show identical values for both sides (185 cm), despite the differences in the length of consecutive step (Tables 1 and 2 ). This stride length regularity is linked to a bipedal and narrow gait, since it is not usually visible in quadrupedal trackways . Velocity variations calculated here for every turning segment in the trackway indicates that the animal was not significantly accelerating/decelerating along the trackway and that its locomotion was steady. Although we agree that trackmaker's behaviour can bias the trackway geometry, as shown by the recorded irregularities on pace lengths producing "anomalies" in the tracks that are not necessarily linked to a foot injury , the noticeable difference on the placement of left digit II impressions with respect to the contralateral counterpart (Figs. 3e5 ) cannot be fully discarded as the causation of the irregular gait. The fact that limb dynamics (sensu Falkingham, 2014) is not playing a significant role in causing morphological differences recorded in right and left tracks is also shown through depth analyses, which resulted in similar values for both right and left tracks. Therefore, from our results, we believe that recorded significantly different morphologies on right and left tracks (left digit II impression placement with respect to the right digit II impression) depend on the foot anatomy of the trackmaker rather than being a consequence of the turnings and slight accelerationsdecelerations recorded in the dynamic estimations.
The Barranco de La Canal-1 tracks have been identified as Caririchnium lotus (Díaz-Martínez et al., 2015) , although, it is worth mentioning that Díaz-Martínez (2013) suggested that if the Barranco de La Canal-1 right and left tracks were analysed separately, they could be easily assigned to different Caririchnium ichnospecies (Caririchnium magnificum, C. lotus and C. isp). Right pes tracks closely resemble those of Caririchnium lotus described by Xing, Wang, Pan, and Chen (2007; 2012) .
Parameters such as the quadripartite subdivision of the track geometry, the subequal lengths and very similar morphologies of digit II and IV impressions and the subtriangular metatatarsodigital pad impression characterizing right tracks and more specifically, the shapes observed in tracks BLC1.6, BLC1.8, BLC1.28, BLC1.30 (Fig. 4) , all agree with C. lotus assignation (Díaz-Martínez, 2013; Díaz-Martínez et al., 2015) . The similar values of the interdigital widths and the homogenous depth distribution within the tracks point out the quadripartite and symmetrical large-ornithopod foot arrangement in the substrate Moratalla, Sanz, Melero, & Jim enez, 1989; P erez-Lorente, 2003; Xing et al., 2007) . On the contrary, left tracks do not display similarity between digit II and IV impressions as the statistically significant smaller values for the interdigital width parameter (digits II-III) pointed out, implying that digit II impression is closer to or overlapping that of digit III, displaying a different arrangement of digit II pad with respect the homologous on the right tracks. This dissimilarity in the distance between digit II-III impressions of the right and left pes tracks, confirmed by the statistical significance, suggests asymmetry in the pedal anatomy in the left pes. A similar scenario to the one we are proposing for the BLC1 tracks is found in the graphic scale of exostosis cases presented in Fig. 23 of McCrea et al. (2015) , in which features characterizing the placement of the affected lateral digit involve interdigital width (short), interdigital angle (low) and digit length (small) parameters. Additional data such as the 92% degree of limping in the trackway (with the short step on the left side of the midline) also support an abnormal condition in the left digit II pad impression. This altered rhythm according to which the pes are placed along the trackway reveals a gait alteration, as it is shown by the 8% difference between right and left pes pace lengths.
Factors that can cause pathologies affecting morphology and locomotion have been recently dived into five categories . We suggest that the abnormality in the left digit II pad belongs to the second category defined as a "biomechanical injury: defects due to physical damage to the body, possibly affecting the movement of the limp and its elements" . The BLC1 trackmaker's injury was localized on its left digit II pad causing on the overall trackway geometry just a slight gait asymmetry (antalgic gait), small velocity changes and few differences in depth distributions within the tracks. A compensatory type of gait occurs where movement of the centre of gravity is such that there is an accommodation in the gait pattern to minimize muscle effort by the affected leg (Harrington, 2005) . Lockley et al. (1994) noted a trackway in which the shorter step was recorded on the opposite side to the supposed injured hind limb. On the contrary, in the Barranco de la Canal-1 trackway we suggest an antalgic gait for the individual, attempting to take less weight on the affected limb, shortening the duration of the support phase on the injured side (Harrington, 2005) and extending the pace length of the normal side. It would be mechanically coherent and convenient to have the shorter step (left-right) on the same side of the pedal injury (left digit II), since the right hind limb could still use all of its muscular strength to take the longer step (rightleft).
Conclusions
A long trackway of Caririchnium lotus from the Barranco de la Canal-1 site (NW Cameros Basin, La Rioja, Spain) is here restudied using LiDAR and a photogrammetric-based approach. Previous work on the tracksite observed an asymmetric gait pattern in this 25-m-long trackway (Casanovas et al., 1995; P erez-Lorente, 2003) , which has been subject to in depth analysis for the first time and quantified in a 92% ratio of gait irregularity, corresponding to an 8% difference between the left-right (short) and right-left (long) consecutive steps in the 81.8% of the footfalls. Furthermore, 3-D photogrammetric models together with quantitative analyses undertaken on all the digital outcrop model point to a difference in the morphology of right and left tracks. These statistically significant differences refer to a distinct shape and placement of digit II impression with respect to digit III impression. The significant morphological and quantitative differences recorded between the right and left pes tracks suggest that an injury on the left digit II pad resulted in a pathology causing an antalgic limping behaviour. Moreover, it is also suggested that due to the low percentage in the discrepancy between consecutive steps, the pathological or abnormal condition inferred for digit II pad of the left track did not significantly affect the locomotion of the trackmaker. This ornithopod trackway provides new insight to antalgic gaits and offers a more quantitative approach to the analysis of dinosaur track and trackway abnormal conditions. The BLC 1 trackway adds new data on the occurrences of ichnopathologies in ornithopod dinosaurs, scarcely documented with respect to those relative to theropod dinosaurs.
